


BEST
AVAILABLE COPY



MISSING PAGE
NUMBERS ARE BLANK
AND WERE NOT
FILMED



Unglassifigd

- -
R L SR 1 T A 4
- —
DOCUMENT CONTROL DATA- R & D
Seeurity classillcation of ttle, body of ahstract and itdesing annotation st be sntered when the overall rep i o0 G il
1. ORIGINATING ACTIVITY (Corporate mithor, ° 2a. KEPORT SECILRITY CLASSIEIC A TGN
Division of Engineering and Applied Physics
Harvard University b, GROU T
Cambridge, Massachusetts
——

3. REPORT TITLE

V,0

2

&

NESCRIPTIVE NOTES (Type ol report and 11uiuave luicl)
Interim technical report

ELECTRICAL AND OPTICAL PROPERTIES OF HIGH QUALITY CRYSTALLINEH
4 NEAR THE SEMICONDUCTOR-METAL TRANSITION TEMPERATURE

The object of this research is to contribute to our knowledge and understanding
of the electrical and optical properties of high quality cryetalline V20,. Thie
material exhibite a pbase change at 65°C which is sccompanied Ly a change in
slectrical reeietivity of five ordere of magnitude which ie often referred to as a semi-

d r-metal t iti Several theories had been suggested to explain the
nature of thie traneition, but sufficient experimental svidence *o determine which, if
any, of thees theories applied to V304 was not available at the time this research
began. In particular, it was not known whether or not V204 was a Mott insulator
below the traneition temperature, or whether a band theory approach euch as the
Adler-Brooks theory might describe the traneition. Thie research haw resulted in
experimeotal messuremente and theoreticai analyeie which permit a tentative
explanation of the transition mechaniem to be made.

In the course of this ioveetigation high quality crystale were grown and their
slectrical and optical properties were measured. Cryetale were grown which had a
larger and sharper chenge in resivtance than had been previouely reported. Their
resietivity and optical tranemiseion and reflection were carefully meas:ved both adove
and below the transition temperature. The resistivity wae aleo meaeured during the
traneition process. An optical absorption edge wae obeerved in the low temperature
etate and ite perature dependence was carefully measured. The dependence of the
semiconducting reeietivity and the traneitioo temperature on c-axie uniaxial stress
wase aleo determioed.

A theoretical analysis of thess measurements and the recent theoretical and
experimeotal work of otber investigators ie presented in order to cheracteries the
propertise of the low and high temperature phases and the nature of the traneition
mechaniem. The high temperature state appe. to bave & partly filled conduction
band and metallic conductivity. The mean free path ie short, however, and correlation
effects are probably present.. The low temperature phese appeare to be describable
in terme of one electron band theory and is characterised by the fact thet the 3d
electrons are localised in pair bonds. The mean {ree path ie short and correlation
offecte are present, but the material is not & Mott iasulator. The mer.surement of the
temperature dependence of the energy gap ehows that the number of carriers does not
avalanche juet bafore the transition temperature. Thie allowe the Adler-Brooks theory
and several other thaories of tie traneition to be elimi d. A thermodynamic anslysie
ie performed which ebows that the transition can be cheracterieed ae being due to the
diffserence in Helmholte function F=U-TS be two pbasss with different cryetei
structuree, band etruccure snd pbonon epectrume. The change in the band structure
and the pairing up of the electrons are related to the change in cryetal structure The
changes in tbe phonon spectrum and the band structure are probably related since the
slectron-phonon interaction ie large. A model relating the change in the phonot
spectrum to tbe change in the number of carriers via ecreening effects is suggested.

$. AU THOR\S) (First name, middle initial, last nemv) T
Larry A. Ladd

6 REPORT DATE T, TOTAL NO OF PAGES 7h. NO OF RF (S
June 1971 209 161

b, TONTRAC' OH GRANT NO Vi, TOITINATORS RELTRT ¢, ML (G
NO00014-67-A-0298-0012 and ARPA SD-88 .

s B (0 :l'echn}cal Report No. HP-26

Technical Report No. ARPA-41

C. 1N OTHER REPORT NO(S) rAny other numbers that may be assigned

this report)

d.

10. DISTRIBUTION STATEMENT )
Reproduction in whole or in part is permitted by the U.S. Government. i
Distribution of this document is unlimited. j

H

11. SUPPLEMENTARY NOTES 1 SFEFONSORING MLITARY AL TIVITY -:
| Office of Naval Research

o et

13. ABSTRAC T 1

1

DD 2V..1473

S/N 0101.807-6801

(PAGE 1)
Unclassified

Security Classzification



Unclassitied
~  Security Classification ) »

LINK A LINK B LINK €
KEY WORDS -

ROLE W ROLE WwT ROLE WT

Transition metal oxides
Insulator-metal transitions

Mott transitions

DD 1473 (Back) Unclassified

S/N 0101-807-6821

Security Classification A-31409




Office of Naval Research
Contract N00014-67-A-0298-0012

NR - 017 - 308

ELECTRICAL AND OPTICAL PROPERTIES OF HIGH
QUALITY CRYSTALLINE VZO4 NEAR THE
SEMICONDUCTOR-METAL TRANSITION TEMPERATURE

By

Larry A. Ladd

June 1971

Technical Report No. HP-26

Technical Report No. ARPA-41

Reproduction in whole or in part is permitted by the U.S.
Government. Distribution of this document is unlimited.

The research reported in this document was made possible through
support extended the Division of Engineering and Applied Physics,
Harvard University, by the Office of Naval Research, under Contract
NO00014-67-A-0298~-0012 and by the Advanced Research Projects
Agency under Contract ARPA SD-88.

Division of Engineering and Applied Physics

Harvard University Cambridge, Massachusetts

JUL 29 1971




~

ABSTRACT

The object of this research is to contribute to our knowledge
and understanding of the electrical and optical properties of high
quality crystalline V:20,. This material exhibits a phase change at
65°C which is accompanied by a change in electrical resistivity of
five orders of magnitude which is often referred to as a semiconductor-
metal transition. Several theories had been suggested to explain
the nature of this transition, but sufficient experimental 2vidence
to determine which, if any, of these theories applied to Vo0, was
not available at the time this research began. In particular, it
was not known whether or not Vo0, was a Mott insulator below the
transition temperature, or whether a band theory approach such as
the Adler -Brooks theory might describe the transition. This research
has resulted in experimental measurements and theoretical analysis
which permit a tentative explanation of the transition mechanism to
be made. \

In the course of this investigation high quality crystals were
grown and their electrical and optical properties were measured.
Crystals were grown which had a larger and sharper change in
resistance than had been previously reported. Their resistivity
and optical transmission and reflection were carefully measured
both above and below the transition temperature. The resistivity

was also measured during the transition process. An optical absorption

edge was observed in the low temperature state and its temperature

iii



dependence was carefully measured. The dependence of the semi-
conducting resistivity and the transition temperature on c-axis
uniaxial stress was also determined.

A theoretical analysis of these measurements and the recent
theoretical and experimental work of other investigators is pre-
sented in order to characterize the properties of the low and high
temperature phases and the nature of the transition mechanism.

The high temperature state appears to have a partly fiiled conduction
band and metallic conductivity. The mean free path is short, how-
ever, and correlation effects are probably present. The low temper-
ature phase appears to be describable in cterms of one electron band
theory and is characterized by the fact that the 3d electrons are
localized in pair bonds. The mean free path is short and correlation
effects are present, but the material is not a Mott

insulator. The measurement of the temperature dependence of the
energy gap sﬁows that the number of carriers does not avalanche just
before the transition temperature. This allows the Adler-Brooks
theory and several other theories of the transition to be eliminated.
A thermodynamic analysis is performed which shows that the transition
can be characterized as being due to the difference in Helmholtz
function F=U- TS between two phases with different crystal structures, ,
band structure and phonon spectrums. The change in the band
structure and the pairing up of the electrons are related to the

change in crystal structure. The changes in the phonon spectrum
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and the band structure are probably related since the electron-
phonon interaction is large. A model relating the change in the

phonon spectrum to the change in the number of carriers via

screening effects is suggested.



TABLE OF CONTENTS

Page
ABSTRACT « ¢ o+ o o & o o & o o s o o o o s o o o o o o o o o o iii
LIST OF FIGURES + + « &« o o o o o s o s s s o o o o o o o o o xi
CHAPTER 1I. INTRODUCTION + . & ¢ o ¢ o o o o o o o s o o o o 1
A. Conductivity in Transition Metal Oxides . . 2
B. Transition Metal Oxides with Semi-
conductor-Metal Trausitions . . . . . . . 9
i C. Design of Our Research Program . . . . . . . 19
D. Preliminary Information about V20, . . . . . 21
References . . o « v ¢ ¢« o o o o o o o o o o 25
I CHAPTER 1II. CRYSTAL GROWTH . . & & ¢ & ¢ ¢ & o o s o« o o o s 27
A. Previous Methods of V-04 Growth . . . . . . 28
1. Hydrothermal growth . . . . . . . . . . 28
2. Slow cooling of V204 in a Vo0g flux . . 30
3. Vacuum reduction of Vo0g to V204 . . . . 31
4. Methods used to grow V0, needles . . . 32
5. Comments on the above methods . . . . . 32

B. Growth by Slow Cooling of V504 in a

V205 Flux e & & e e+ & s s s e s s s s o 33
C. Variation of the Growth Parameters for the

Slow Cooling Method . . . . . . . . . . 41
D. Growth by Reducing V205 to Vo0s4 . . + . . . 45
E. Recently Developed Methods of Growth . . . . 47

1. The reduction of Vs05 to V20gq . + . . . 47
2. Vapor transport methods of V-0, growth . 48
3. Methods to grow thin V-0, films . . . . 51

References . « « « s o o o o o o &+ o o + o o o o 52
CHAPTER III. RESISTIVITY MEASUREMENTS . . . . . . . + « « + & 55
A. The Sample Holder and Temperature Control
System . . . . L. . 0 e e e e e e e 55
1. The Bayley electronics and new
temperature SenNSOr . « .« « « o+ & + o+ 55
2. Resistivity sample holder and Dewar . . 59
3. The heater circuit and system
performance . . . . . . . . . 44 . . 64

vii




CHAPTER 1IV.

CHAPTER V.

CHAPTER V1.

B. Measurements of the Resistivity Near the

Transition Temperature . . « +» « « «
C. Measurements of the Resistivity at Low

Temperature . . « . + « « « « « o ¢
References . . . . . + + « v v v v 000w

OPTICAL MEASUREMENTS . . . . . . . . « . . .
A. Spectrometer Design and Operation . . .

1. The original spectrometer design . .

2. The multiple light source assembly

3. The sample and detector optics . .

4. Sample holder Dewar and temperature
control system . . . . . . . . . .

3. The new detection electronics system
and detectors ., . . o o

6. Spectrometer callbratlon 5 0 0 0 0 O

B. Optical Measurements . . . ., . . . .

1. Reflection measurements . . . . . .

2. Transmission measurements . . . . . .
References . . . . . . . . . . . . . ..
UNIAXIAL STRESS MEASUREMENTS . . . . . . . .
A. Uniaxial Stress Apparatus and Sample

Preparation . . . . . . . . . .
B. Change of the Transition Temperature W1th
Stress 5 b 0 0 D 0 0O 0O 0 0 Q

C. Change of the Semiconducting R051st1v1ty
with Stress . . . . . . . . c

D. Comparison with Hydrostatic Pressurc
Measurements and Interpretation . . .

References « « o ¢ + o o « o o s o &+ ¢ o o

SUMMARY OF OTHER RECENT WORK AND CONCLUSIONS

A. Recent Experimental Work by Other
Investigators . . « « « + «. ¢ + « o

—
-

Crystal Growth and Analysis . . . . .
Electrical Measurements . . . . . . .
Optical Measurements . . . . . . . .
Magnetic Measurements . . . . . . .

. Thermal Measurements . . . . . . . .

v F Wt

B. Recent Theoretical Work by Other
Investigators . . « ¢« « ¢ o + « o« o &

1. The semiconductor-Metal Transition
2. Recent Interpretations of Vo04 . . .

viii

Page

67

72
75

77
77

77
80
82

88
92
96
98

98
102

115

117

118
120
125

130
135

137

137

138
143
147
150
154

157

157
166



Page

C. Conclusions and Suggestions for Further

WOTK v v v v 4 o v v o s o o o v w o o o . 170
1. Interpretation of the high temperature
SALE . . 4 v v . v e e e e e e ... o. 170
2. Interpretationof the low temperature
T o O A
3. Interpretation of the transition
mechanism . . . - .+ 183

4. Summary of the results of this investi-
gation and suggestions for further
4 WOTK v v v ¢ o o 4 o v o s o o o« . . 1091

REferences .« « v o +v o o o o « o o o o o o « « o 194

ACKNOWLEDGEMENTS . .. . . . . . . ¢ v v v v v v v 198

4

ix




LIST OF FIGURES

Figure
Number Page
I-1 Pseudoparticle band structure as a function of the ratio
of bandwidth A to intra-atomic Coulomb matrix element
U for the case of a single 5 band. (After Hubbard
[13].) 10
1-2 Conductivity as a function of reciprocal temperature
for the lower oxides of vanadium as measured by
Morin [18]. 11

1-3 The distortion parameter € and the dependence of E(k)
on € in one dimension as calculated by Adler and
Brooks [23]. 15

1-4 The crystal structure of V=04 in the high temperature
rutile phase. Distances are in Angstroms (After
Westman [4O].) 22

I-5 The relationship between the high temperature rutile
and low temperature monoclinic structures. The dis-
placement of the vanadium ions in the transformation

is shown. (After Magneli and Andersson [41].) 24
11-1 Resistivity versus temperature for Vo0, crystals as

reported by various authors. 29
11-2 The furnace used for V-0, crystal growth. ' 34
11-3 Schematic diagram of the quartz tube in the furnace

for a platinum crucible growth run. 40

11-L Picture of crystals from typical quartz tube growth

run. 43
I11-5 Schematic diagram of the pressure control system for
the vacuum reduction method of crystal growth. 46

11-6 Schematic diagram of the furnace interior for the
vapor transport crystal growth method of Takei and
Koide [16,17]. 50

xi



Figure
Number Page

I111-1 Schematic diagram of the electronics in the Bayley
temperature controller. 58

111-2 Circuit diagram of Bayley bridge circuit with new
sensing resistor. : 60

I111-3 Top and perspective views of sample holder for
resistance measurements. 61

II1-4 Schematic diagram showing how resistivity sample

holder is mounted in Dewar tube, 63
I111-5 Schematic diagram of the heater circuit electronics. 65
I111-6 Resistivity versus temperature for V50, crystals as

reported by various authors. 68
111-7 Resistivity versus temperature near the transition

temperature for one V204 crystal cycled three times

through the transition. 71
I111-8 Resistivity versus temperature for three V204 crys-

tals at low temperature. 73

Iv-1 Perkin-Elmer monochromator and light source
assembly. 79

1v-2 The multiple light source assembly and variable
speed chopper. 81

1v-3 The sample and detector optics. The main diagram
shows the configuration for transmission measure-
ments, and the insert shows how the sample space is

‘adapted for reflection measurements. 84
V-4 Schematic diagram of the arrangement used for making

the I and Ip measurements in reflectivity. 87
1V-5 A schematic view of the optical Dewar. 89

1v-6 Optical Dewar sample holder and sample mounted for a
transmission measurement. 91

1v-7 Circuit diagrams for detectors, including chopping
frequency, maximum output, and spectral response. 94

xii



TR 4 4

Figure
Number
Iv-8

Iv-9

1v-10

1v-11

Iv-12

1v-13

IV-1k

V-2

v-3

Page

Our reflectivity measurement on V20, for T > T;
compared to those of Verleur et al. [5]. 100

Our reflectivity measurement on V204 for T < T,
compared with those of Verleur et al. [5]. 101

Reflectivity and transmiseion of a thin Vo0, film
below the transition temperature as reported by
Verleur et al. [5]. : 103

Reflectivity and transmission of a thin Vo0, film
above the transition temperature as reported by
Verleur et al. [5]. 104

Transmission versus energy for a V=20, crystal at
six different temperatures. 108

Calculated and experimental values of the absorption
coefficient of V204 crystals at 300°K. 110

Energy gap versus temperature for three V204
crystals. 114

Schematic diagram of uniaxial stress apparatus.
(Not to scale.) 119

Recorder trace of the resistance versus temperature
for sample c-4 as it is cycled through thte transition
at a rate of 0.07°C/minute. 122

Recorder trace of resistance versus temperature as

rample c-4 is heated through the transition with

different amounts of c-axis stress. The change in
transition temperature is 25 uVvV or 0.57°C for

431 bar. 123

Recorder trace of resistance versus time for sample
c-4 as the c-axis stress is varied at room tempera-
ture. The resistance change is 2.15% for a stress
of 690 bars. 127

Temperature dependence of the c-axis stress resistivity

coefficient for two differont samples and two different
cooling methods. 129

xiii



Figure
Number Page

vi-1 V204 density of states as determined by Powell et al.
from electron photoemission measurements [19,30].

(T >T,) 148

VIi-2 V204 density of states as d=termined by Powell et al.
from electron photoemission measurements [19,30].
(T<T,) 149

VI-3 Magnetic susceptibility of single crystal Vs04 as
reported by Berglund and Guggenheim [30]. . 152

VI-b Specific heat of V04 as measured by Ryder [30]
and Cook [38]. 155

Vi-5 Phase diagram of V03 doped with Ti or Cr as deter-
mined by McWhan et al. [49]. The equival:nce of
pressure and doping is shown. 161

Vi-6 The crystal field splitting of the vanadium (3d)
orbitals in tetragonal V204 as calculated by
Hyland [37] 172

Vi-7 Estimated phonon spectrum of V04 in the low
temperature phase. 187

xiv



Chapter 1

INTRODUCTION

The object of this research is to contr?bute to our knowledge
and understanding of the electrical and optical properties of high
quality crystalline V-04. This material exhibits a phase chance at
65°C which is accompanied by a change in the electrical resistivity
of several orders of magnitude which is often referred to as a semi-
conductor -metal transition. In the course of this investigation high
quality V20, crystals were grown, their electrical and optical proper-
ties were measured, and the effect of stress on their electrical
properties was determined. Based on these and other measurements the
nature of the high and low temperature st.tes and the nature of the
phase transition are discussed.

This chapter is concerned with describing how our program of
research was motivated and what type of measurements we wanted to
make. Consequently only work which was published prior to the start of
this project in 1966 will be mentioned, and later developments will be
included in Chapter VI. The first section presents some background
information on the problem of understanding the conductivity of
transition metal oxides. The next section considers semiconductor-
metal transitions and discusses the experimental information which
was available about materials which exhibited these transitions and
the theoretical models which had been presented to explain these
transitions when this work was begun. The Adler-Brooks model of the

transition which appeared to have been successfully applied to Vo0s is



discussed in detail. The next section outlines the original plan of
this research program and includes the measurements we wanted to make and
the theories we wanted to test. The last section of this chapter is
a summary of the information which was known abo;t V204 when this re-

search Ltegan.

A. Conductivity in Transition Metal Oxides

In this section we will briefly discuss the failure of Bloch-
Wilson band theory to adequately predict the extremely low conductivity
of materials such as MnO or NiO, and we will consider whether the
electron-éhbnon interaction or correlation effects could be responsible
for the high resistivity of these materials. This section is not
meant to be an exhaustive or complete review of the subject of con-
duction in transition metal oxides, but.rather is meant to acquaint
the reader with some of the problems which we felt might arise in
trying to understand the conductivity of V20,. A more complete
discussion of the conductivity of transition metal oxides can be
found in the article by David Alder in volume 21 of Solid State Physics.

- In most discussions of the chemistry of the transition metal
oxides, the bonding is assumed to be largely ionic [l]. In this case
the oxygen 2p states become the bonding orbitals and the transition
metal 4s states become the antibonding orbitals [1]. Thé splitting
between these bonding and antibonding orbitals is approximately 20 eV,
and the 3d levels are generally assumed to lie somewhere between the

2 p and 4s levels [1]. The 2p levels would thus b full, the 4s



levels empty, and the 3d levels partly filled. If the bonding were
strongly icnic we would expect the 3d electrons to spend most of

their time near the metal cations and the 3d energy levels could be
described by crystal field theory. For materials like NiO this

type of behavior is experimentally verified by the fact that sharp
crystal field absorption lines have been observed [2]. For the oxides
‘of the transition me;als near the titanium end of the 3d series, how-
ever, there is evidence that the bonding is somewhat less ionic.
Consider for example the LCAO calculation of the band structure of
SrTiOs done by Kahn and Leyendecker [3]. They found that the cal-
culated band structure was in agreement with measurements on SrTiOsx
when the charge on each oxygen ion was -1.68e rather than the fully
ionized value of -2e. This reduced the splitting between the oxygen
2p levels and the titanium 4s levels from ~ 25 eV to ~ 11 eV. The
titanium 3d band was then found to be located ~ 3 eV above the oxygen
2p band. Although this calculation cannot be considered as definitive,
it does give some idea of the ionicity and the position of the bands
to be expected in the transition metal oxides near the titanium end
of the series. When the bonding is only partly ionic, we expect that
the unbonded electrons would only be partially localized on the cations
and that the energy levels of these 3d electrons could be described
by tight binding band theory. In the rest of this section we will
assume that the electrical and optical properties of the unsaturated
2d transition metals oxides can be attributed to the properties of

the partially filled 3d bands and that these bands can be described



in a first approximation by using tight binding band theory.
| Let us now apply Bloch-Wilson band theory to MnO. This
material is antiferromagnetic and the room temperature resistivity
of pure MnO is about 105 Q cm. Each manganese ion has five 3d
electrons remaining after satisfying the chemical bonds. The
material has the NaCl structure above the Neel temperature and a
aistorted NaCl structure which increases the size of the unit cell
below the Neel temperature. An insulating state below Ty can be
explained in terms of band theory if one assumes that the exchange
splitting is greater than the crystal field splitting. Each cation would
then have two fivefold degenerate sets of levels separated from each
other by an energy gap. The lower set of states would be full and
the upper set empty. Above the Neel temperature, however, it is
impossible to explain an insulating state in terms of one-electron
band theory. In this case each cation has a lower tZg level which is
sixfold degenerate and an upper eg level which is four fold degenerate.
The spin orbit splitting can reduce the degeneracy of these levels,
but each level must remain at least twofold degenerate due to Kramer's
theorem. Thus above TN Bloch— Wilson band theory predicts that Mn0
should have a partly filled band and should therefore be metallic.
In the rest of this section we will consider the possible explanations
of the fact thatBloch-Wilson band theory cannot be used to describe
the properties of some transition metal oxides, such as MnO.

It was first realized in 1937 by DeBoer and Verwey that there

were some materials such as Ni0 which did not obey the predictions of
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Bloch-Wilson band theory [4]. Theyoffered the qualitative explanation
that the electrons were localized by the high potential barriers
between cations. A mechanism for such a trapping of electrons in polar
crystals by the formation of polarons was suggested by Gurney and Mott
[5]. 1In 1938 Wigner introduced the electron-electron interaction e2/r;,
into the problem. He argued that the electrons potential energy would
be larger than their kinetic energy at low densities and that the
potential energy would be lowest if the electrons were localized in a
periodic non-conducting array. In 1949 Mott discussed the case of a
cubic lattice of one electron atoms with a variable lattice constant

d, and he gave arguments that for large values of d the material

would be an insulator and for small values of d a metal [6]. He

showed that when d becomes large, the potential energy arising from
the electron-electron interaction becomes quite large and cannot be
included as a small correction to the electron energy which results
from the periodic potential. Consequently, one-electron band theory
is not a suitable description of the material and an insulating state
can arise when d is large. We thus have two possible explanations of
the low conductivity of materials such as MnO or NiO: polaron effects
and electron-electron correlation effects.

Let us consider how polaron effects could modify Bloch-Wilson band
theory. A small polaron can be considered to be an electron which is
trapped in the potential well which arises from the distortion of the
lattice around the electron. Polarons generally only occur in ionic

materials where the electron-lattice interaction is large. 1In ionic



crystals the electrons interact most strongly with longitudinal
optical phonons and an electron-phonon coupling constant o which
measures the strength of this interaction can be defined by

3
ez 2m*w 1 1 7
@ = w, h € € (7]

© (o]

In this expression w, is the longitudinal optical phonon frequency,

£
€ is the frequency dependenc dielectric constant, and m* is the ef-
fective mass given by Bloch-Wilson band theory. The factor (el - G:)
is present because we are interested only in the ionic contribution to
the electron-lattice interaction. 1In the large polaron or weak coupling
limit where @ < 1, the phonon self energy is given by Eo = -afiai and

the polaron effective mass is given by m =m*({ + £ @) [7]. In the
strong coupling or small polaron limit where & > 10, Holstein has shown
that at low temperatures a polaron band exists whereas for temperatures
above one half the Debye temperature the quasi-particle bandwidth has
effectively shrunk to zero and the polarons are essentially localized
{8]. At low temperatures the polaron effective mass is given by

mp = m* ?% a4 which may be quite large and the polaron self energy is
given by E, = -0.1 O?iiaw [9]. At high temperatures the conduction
which occurs will be by diffusive hopping between adjacent sites rather
than by the correlated motion described by band theory and so the
mobility may be quite small [8]. Thus at either low or high temveratures
small polaron theory is capable of lowering the mobility of the con-
duction electrons, but polaron theory is not capable of producing an
energy gap in a material that would otherwise have a partly filled band.

Thus it is unlikely that polaron theory by itself could account for the

extremely low conductivity of materials like MnO.
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Let us now consider how correlation effects could modify Bloch-Wilson
band theory. First let us note that Bloch-Wilson band theory is based on
the Hartree-Fock method in which a single particie wave function is solved.
In writing the Hamiltonian for a single electron, the assumption is made
that the energy of an electron resulting from its interaction with all other
electrons‘can be derived from the periodic potential caused by the other
electrons average distribution of charge. If we consider the case of a crystal
which is composed of atoms whose outer shell has one s electron and which has
one atom per unit cell, then Bloch-Wilson band theory would predict that the
crystal is metallic because it has a half filled band. Now let us make the
assumption that we are dealing with a material that has narrow bands and where
the tight binding or Heitler-London approximation is appropriate. In this
case the overlap between orbitals will be small and the electronic energy
levels will not be too different from the atomic energy levels. Consider
now a particular atomic site at which is located an electron with energy Eop.
A second electron placed at the same site will have an additional energy AE.
since a Coulomb repulsive force will have to be overcome in order to place a
second electron on the same site. If the bandwidth A is less than AE., then
at T=0 there will be two bands, one full and one empty. The splitting AE.
between the bands arises because the energy of each electron depends on whether
or not there is another electron on the same site. This interaction cannot be
reduced to an effective potential energy term V(r) as is required by the
Hartree-Fock method. Thus this interaction cannot be incorporated into Bloch-
Wilson band theory. As Mott has pointed out, these correlation effects be-
come more important as the lattice spacing is increased, and Kohn has given

a formal proof that for large enough d, a one dimensional array of mono-

valent atoms is non-conducting [10].



Hubbard has considered the case of a partially filled s band
for which the Hartree-Fock problem has been solved. He has explicitly
introduced correlation effects into band theory by considering the

following simple Hamiltonian

H=2 +UZ, a,,n

+
1j0 Tij 1040 1 P40y

which is written in the Wannier representation where i and j represent
lattice sites and ¢ represents spin. The first term is the normal
Hartree-Fock term and the second term is the correlation term. The
constant U = (iil%?|ii) is the Coulomb matrix element for electrons on
the same site. Thus U represents the Coulomb energy necessary to place
two electrons on the same site, and the second term in the Hamiltonian
just counts the number of doubly occupied sites and multiplies by U.
This Hamiltonian thus only includes intra-atomic Coulomb interactions
and ignores all nearest neighbor and longer range Coulomb interactions
which are also important.

In the atomic limit of zero bandwidth this problem can be solved
exactly by means of retarded and advanced Green's functions [11].
Two energy levels are found to exist for adding the next electron, one
at energy O with weight proportional to the number of unoccupied atoms,
and one at an energy U with weight proportional to the number of atoms
already conteining an electron of opposite spin. This is the sort of
behavior that we would intuitively expect.

For the case of wider bands, the problem becomes quite difficult

mathematically and only approximate solutions are possible. Hubbard



has written several papers analyzing the behavior of this Hamiltonian

[11, 12, 13, 14]. He finds that as the Hartree Fock bandwidth increases

ST

from zero, the two energy levels described above broaden into bands.
For the special case of parabolic bands he found by an approximation
method that when the bandwidth A was such that (A/U) = 2A/3, the se-
1 paration between the bands is reduced to zero as is shown in Figure
] I-1 [13]. Similar results have been obtained by Gutzwiller [15] and
Kemény [16]. We thus expect that correlation effects can give an
insulating state for narrow band materials with large values of U.
Since as we have already mentioned, the transition metal oxides near

the nickel of the series are thought to have narrow bands, these cor-

relation effects may account for the insulating behavior of materials

such as NiO or MnO.

B. Transition Metal Oxides with Semiconductor-Metal Transitions

There are several transition metal oxides which undergo phase
changes which are accompanied by large discontinuities in resistivity.

This phenomenon was first observed by Foéx in 1948 on powdered samples

of Vg0x which exhibited a sharp change in the resistivity and the sample
volume near 140°K [17]. Morin observed transitions in single crystal

samples of V201, V204, VO, and Tiz0s in 1958 and reported the data

shown in Figure I-2 [18]. Since then several other transition metal
oxides and sulfides have been found to exhibit similar behavior [1].
At the time that this work began, V20 was the material which had

been studied in the most detail and had been shown to have a change
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in resistivity by a factor of 107 near 140°K by Feinleib and Paul
[19, 20]. This material undergoes a phase change which is accompanied
by a latent heat and a change in the crystal structure at the tran-
sition temperature [19, 20]. Notice in Figure I1-2 ghat the temperature
dependence of the resistivity in the low temperature phase is like
that of an intrinsic or lightly doped semiconductor and in the high
temperature phase is like that of a metal. Optical transmission
measurements made on the material in the semiconducting state were
suggestie of an energy gap of about 0.1 eV [19]. |

When this research began, there were several theoretical models
which had been presented to try and explain semiconductor-metal tran-
sitions in transition metal oxides. Slater had proposed that a half
filled band could be split into a filled and an empty band by anti-
ferromagnetism [21]. This theory would require that the low temperature
 phase was antiferromagnetic a;d that the transition temperature was
the Neel temperature. Mott had shown that if the lattice spacing of
a material was reduced then a sharp semiconductor-metal transition
couid occur as the result of exciton effects [6], but the transition
metal oxides which have these transitions do not h&ve negative co-
efficients of thermai expansion. Hubbard has shown using the Hubbard
Hamiltonian model that a material is a Mott insulator if (A/U) < 1.2
where as was defined above A is the bandwidth and U is the Coulomb
energy of two electrons on the same atom [13]. If (A/U) is an increas-
sing function of temperature, then a semiconductor-metal transition

could occur at the temperature where A/U reaches a critical value.



£

This model, however, does not predict a sharp transition. Another

possibility is that the critical value of (A/U) is temperature de-

pendent. In any case it is certainly possible for correlation effects

to produce a semiconductor-metal transition. 'Goodenough has postulated
F that the transition can arise from the formation of homopolar bands
between the cations at low temperature [22]. He has also suggested
that the distortion which occurs in the crystal structures of V20, and
Vo0 is compatible with cation pairing at low temperatures. For Vz04
in particular the c-axis cations which are evenly spaced for T > Tc are
quite unambiguously paired up for T < Tc with spacings alternating
between 0.265 nm and 0.312 nm. Considering the number of available
electrons per cation, we find that such bonds could account for the lack
of metallic conductivity at low temperatures of both materials.

Another simple model of a semiconductor-metal transition is band
overlap. If a bandgap existed which had a large negative temperature
coefficient, then the conductivity of the material would increase
rapidly as the band gap reduced to zero and became negative. This

would, however, produce a gradual tramsition. If excitons were

produced -- as Mott has suggested [6] -- the transition would be
sharpened somewhat, but this still would not produce a sudden tran-

sition where the resistivity changed by several orders of magnitude.

Polarons were discussed in Section A,and we noted that polaron
conductivity is by polaron bands at low temperatures and by polaron
hopping at high temperatures. Thus the only type of a transition
that could be produced by polaron effects is from a state with low

mobility at low temperatures to a state with even lower mobility at




high temperatures. This is exactly the opposite behavior from that
observed in materials like V50s and shows that the transition is not
caused by polaron effects.

We will consider a theory of the semicondu;tor-metal transition
which was presented by Adler and Broéks in some detail [23, 24]. This
theory assumes that ordinary band theory is appropriate and that the mate-
rial has a band gap in the lower temperature state which is given by Eg =
(Eg)o-Bn where <Eg)0 is the band gap at T=0, n is the carrier concentration
in the conduction band, and B is a constant. Thermodynamically it can
be shown that such a relationship is always valid at low temperatures
if the band gap has any stress or pressure dependence [25]. If the
value of P is large enough, Adler and Brooks show that a semiconductor-
metal transition can result. They also show how a large value of B éan
occur in a material where the semiconductor-metal transition is ac-
companied by a crystalline distortion which results in a pairing up of
the cations below the transition temperature.

Let us sketch out some of the features of their theory by consider-
ing a one dimensional chain of hydrogen atoms which are paired up as is
shown in Figure I-3. If the potential at each atom is considered to
be a negative delta function, then the band structure can be calculated
and is shown in Figure I-3. When the distortion parameter € = 0, we
have a half filled band, and when ¢ # O a gap is introduced in the
density of states. When the bandwidth is small, it can be shown that
an energy gap proportional to € is produced. Since filled states are

lowered in energy and unfilled states are raised, we see that the



-3

TITERCIREI 2 v
-

Undistorted Lattice

=

Distorted Lattice

FS
v

—‘l%-ea ;—%4-:0 —'T%'-ea ‘i'—

-12q T T T T T T
“-20f -
)
'g € =015
- ¢=0.10
2 e =0.05
.e
S ¢ =005
¢=0.10
F= e =0.15
@
c
W L -

- | 1 1 1
23 =2 -1 o0 1 2 3
Wavevector ka

FIGURE I-3 The distortion parameter € and
the dependence of E(k) on ¢ in one dimension
as calculated by Adler and Brooks [23].



distorted configuration has the lower energy and is more stable. If we in-
vestigate the nature of the wave functions in the two bands, we find that

the lower band is a bonding band and the upper band is an antibonding band.
If we now assume that the distortion ¢ is caused by the formation of chemi-
cal bands, then the distortion will be proportional to the number of bonded
electrons, or ¢= eo(1 - %) where n is the number of electrons in the con-

duction band and N is the number of states in the conduction band. We can

N

shown that a similar carrier dependence of the energy gap can arise from

thus say that E8 ~ e~'( - E) or E8= (Eg)o- gn. Adler and Brooks have also

antiferromagnetism [23,24].

Let us now consider the consequences of such a carrier dependent ener-
gy gap. Qualitatively one can argue that as the temperature increases, the
number of carriers in the conduction band increases 2nd this in turn causes
the band gap to shrink. But a smalle; band gap also causes.the number of
carriers in the conduction band to increase. Thus %% increases with tem-
perature and at a critical temperature Top, g%-+ o and the band gap dis-
appears suddenly which gives rise to a semiconductor-metal transition.

At the same time as the temperature increases from about 0.8 Tg to Top,
the energy gap shrinks by perhaps 25% or more. Adler and Brooks have
shown rigorously that such behavior does occur for the case of narrow
band materials where the bandwidth is less than the band gap at T = O.
They have also shown that the ratio (Eg)q/kTO is an increasing function of
bandwidth and that their narrow band analysis is valid up to the point

where (Eg)q/kTo ~ 10. In the narrow band limit they have also shown

that the ratio (Eg)q/kTo is a constant independent of external stress



d on(E; Do
or pressure. They thus predict tha“"?ﬁ?“' should be equal to
d on(To) )
T where x is an external parameter such as stress or pressure.

This theory has been applied to V20x and was found to be in
good agreement with the measurements of Feinleib and Paul [19, 20].
Using the X-ray data of Warekois [26], the low temperature distortion
of V20x was interpreted by Goodenough [22] as resulting in a pairing
up of each cation with two other cations. Thus it was reasonable to
investigate whether the Adler-Brooks theory is applicable. Using the
value of 0.1 eV for the energy gap which was estimated by Feinleib
and Paul [20],the ratio (Eg)q/kTo was found to be 8.3 which means
that ehe narrow band analysis is appropriate. Feinleib and Paul
measured the uniaxial stress and hydrostatic pressure dependence of
the transition temperature and the resistivity. If the mobility is
assumed to be relatively independent of stress and pressure, then the
ratio (Eg)g/kTo is found to be unchanged by the application of either
stress or pressure. Thus the predictions of the Adler-Brooks theory
were found to be confirmed by these measurements on V20s.

The above original versicn of this theory has been generalized
to consider the transition from a thermodynamic point of view, and two
types of transitions have been found to be possible [23]. 1If the free
energy of the metallic state does not fall below the free energy of
the semiconducting state for temperatures below To, then a second order
transition similar to that described above occurs at Tg. There is
also, however, the possibility that a first order tramsition will occur

at some temperature Tc <T, if the free energy of the metallic state



falls below the free energy of the semiconducting state at Tc' They
have showa that a crystalline distortion induced transition is only
expected to occur for narrow band materials for which the ratio
(Eg)q/kTo < 10 and that such a transition is expécted to be first
order and to occur at a temperature Tc slightly below To- This re-
fined analysis was still in accord with the interpretation that the
transition in V-0x is a crystalline distortion induced transition
since the transition is first order and the ratio (Eg)o/kT, was esti-
mated to be approximately 8.3.

Although the above interpretation of V-0 seemed very reasonable
at the time this research began, it should be noted that recent ex-
periments show that Vz0s is antiferromagnetic below the transition
temperature. Reexamination of the optical data also shows that the
energy gap can be interpreted to bé as large as 0.3 eV. Thus, if we
still want to apply the Adler-Brooks theory to Va20s, the theory would
have to be modified so that the band gap could be considered to arise
from both antiferromagnetism and the crystalline distort%on, and the
optical, stress, and electrical measurements would have to be reinter-

preted.

We see that there were several theoretical ideas which had been
presented to explain semiconductor-metal transitions in materials
like Vo0s. We felt that the models which might fit the experimental

data on V20 were the antiferromagnetism model of Slater, the model of



a correlation induced transition, Goodenough's cation pairing model,
and Adler and Brooks model of a carrier dependent energy gap. Of all
these models, the Adler-Brooks model was the only one which could be
quantitatively tested, and we felt that a‘test of this theory on
another material would be a véry suitable research project. The next

section deals with the original plan of this investigation.

C. Design of Qur Research Program

This resnearch program was designed to investigate the semi-
conductor-metal transition in a transition metal oxide. We wanted
té be able to characterize the nature of the high and low temperature
states and also to try and understand the dynamics of the transition,
In particular, we wanted to test the Adler-Brooks theory of the
transition since this theory seemed to be very promising.

In order to begin this investigation we needed high quality
crystals of a material that exhibited a semiconductor-metal transitionm,
and we wanted to pick a material where the Adler-Brooks theory seemed
likely to apply. This limited the initial selection toc VO, V20x, and
V204 [27]. There were no commercially available crystals of any of
these materials which were of high quality, and so we decided to grow
our own samples. The material V»04 was picked since it had a con-
venient transition temperature of 65°C and since it seemed to be the
easiest of the three materials to grow. It had also been suggested
that the Adler-Brooks theory might apply to V204 in the narrow band

limit so that a quantitative check of the theory might be possible [27].



Once high quality crystals were available we wanted to make
careful measurements of the resistivity. We thought that both the
temperature dependence of the resistivity above and below T, and
the shape of the resistivity versus temperature curée during the
transition might be informative.

We poped to make both reflectivity and transmission measurements
on high quality samples. The reflectivity meagurements would help us
to compare and characterize the high and low temperature states, and
transmission measurements would enable us to determine the band gap
in the low temperature state. We also hoped to measure the temperature
dependence of the c¢nergy gap as a direct check on whether the Adler-
Brooks theory of the transition applied to V20, and more generally to
see if the energy gap disappeared suddenly at T,.

We wanted to make stress and pressure measurements Since we knew
that the dimensions of the crystal axes changed at the transition
temperature and we thought that some interesting effects might possiblj
occur., We planned to measure the stress and pressure dependence of
the transition temperature and the resistivity. In the process we
would also be able to see if the ratio (Eg)o/kTo was independent of
external stress and pressure as is predicted by the Adler-Brooks

theory.



D. Preliminary Information About V204

This section will be a summary of the information we had about
V=04 when this investigation began. A semiconductor-ﬁetal transition
at 340°K was first observed in Vo204 by Jaffra& and Dumas in 1953 [28].
In 1958 Morin reported resistivit& measurements on small single crystais
of V204 which were grown hydrothermally [18], the data for which are
shown in Figure I-2. Larger crystals which show a change in resistivity
by a factor of 10* at the transition temperature were grown by Sasaki
and Watanabe [29] and by Sobon and Greene [30]. The latent heat had
been measured with values reported between 700 and 1000 cal/mol [31].
Magnetic measurements had failed to show any evidence of antiferro-
magnetism [31, 32, 33]. The pressure dependence of the transition temper-
ature wasknown to be quite small [34, 35], and the pressure dependence
of the semiconducting resistivity had been measured [34]. The phase
diagram and phase boundaries had been determined for the phases between
V203 and V205 by electrical and magnetic measurements [32, 36]. The
X-ray lines observed for phases between V and V20x had been reported
by Wilhelm and Krimm [37] and the X-ray analysis for the phases between
V20x and V204 had been reported by Andersson [38]. A total of eleven
phases had also been shown to exist in the composition range from VO
to Vz=0g by Andersson [38].

The crystal structure of the low and high temperature phases
had been determined by Andersson [39] and Westman [40]. Westman had
also shown that the structural transitions occur at the same temperature

as the electrical transition. Figure I-4 shows the crystal structure
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in the high temperature rutile phase. Notice that the vanadium
atoms form a body centered tetragonal structure. The vanadium atoms
in the body center position are surrounded by six oxygen atoms which
l form a distorted octahedron. From the bdnding distances which are
included in the figure we can see that the distortion of the octa-
l hedron is not too great. The environment of the body center and the
corner cations is identical except for a rotation of 90° around the

c-axis. Every oxygen atom has four nearest neighbors -- one oxygen

n———

and three vanadium atoms.

Below the transition temperature the size of the unit cell is
déubled and the crystal axes are different. Figure I-5 shows the re-
lation between the crystal axes in the high and low temperature
structures. The displacement of the vanadium atoms when the temperature
is lowered through the transition is also shown.[41]. The vanadium atoms
move more than the oxygen atoms and the pairing up of the vanadium
atoms is the biggest change. Below Tc the spacing of alternate pairs

of vanadium atoms along the rutile c-axis is 0.265 nm and 0.312,
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FIGURE I-5 The relationship between the high temperature
rutile and low temperature monoclinic structures. The
displacement of the vanadium ions in the transformation is
shown. (After Magneli and Anderson [ 411 )
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Chapter II

CRYSTAL GROWTH

The growth of V20, single crystals suitable for optical and
stress measurements was one of the central problems of this thesis.
Crystals were quickly grown by the slow cooling method which were
not thought to be large ¢r strong enough for these measurements.
While efforts were being made to grow better crystals by this
metkod and by the vacuum reduction method, apparatus was designed
and built to make measurements on small samples. We were ulti-
mately successful in growing crystals which could be measured with
our new apparatus.

This chapter will discuss the methods of growing Vz0, crystals
which have been reported by others and the methods that we used.
These methods are evaluated in terms of how easily single crystals
with good mechanical and electrical properties can be obtained.
Since we were studying the semiconductor-metal transition in
V=04, we wanted crystals which had a sharp transition and a large
discontinuity in resistance, The ratio of resistances in the
semiconducting and metallic states, Rs/Rm’ will be referred to as
the resistance ratio.

Crystal growth is a complicated process, with many variables,
and we were more concerned with obtaining crystals which were
satisfactory for our purposes than with investigating in detail

the growth process. Thus our work on crystal growth gives



information on how to grow high quality V20, crystals, but we do
not pretend to have exhaustively analyzed the conditions of growth

or to have optimized all the growth parameters.

A. Previous Methods of V04 Growth

Much of the earlier work on V-0, was done by studying powder
samples or sintered bars. For X-ray analysis or magnetic suscep-
tibility measurements this is satisfactory, but single crystals are
desirable for electrical or optical measurements. Before this re-
search began, there were four main methods which had been used to
grow single crystals of V04. We were able to modify one of these
methods to give crystals which were better in terms of the criteria
mentioned above than any previously reported. These four methods
will now be discussed.

1. Hydrothermal Growth

The original paper by Morin [1] describing transition metal
oxides with semiconductor-metal transitions included Vz0,. These
samples were grown hydrothermally at Bell Telephone Laboratories
by Guggenheim [2]. Two terminal resistivity measurements were
made on samples 0.1 mm on a side. The resistivity ratio Rs/Rm was
.almost 100 at the transition temperature of 350°K. There was a
hysteresis of about 20°C and the transition temperature varied by
about 15°C for different samples. See Figure II-1.

The hydrothermal technique involves growing crystals at high

temperatures and pressures in sealed pressure systems. Many
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materials are more soluble in common solvents such as acids and
bases when the temperature and pressure are increased. The
nucleation and growth processes are also quite sensitive to
temperature and pressure. The usual technique cﬁnsists of having
undissolved nutrient material sitting at the bottom of a solvent-
filled pressure system. The top of the container is kept cooler
than the bottom so that the nutrient material goes into solution
and migrates by convection currents to the top of the container
where it is deposited on seed crystals. Quartz crystals several
inches lqng can be grown in NaOH at a rate of ! mm/day in this
manner when the pressure is 2000 atmospheres and the temperature
is 350°cC.

V04 crystals were grown by putti~ng a mixture of Vz0s and
V05 powder in the bottom of the container and then filling it
with NaOH. The temperature was 400°C at the bottom and 380°C at
the top, and the pressure was 1330 atmospheres. In ten days, dark
blue octahedral crystals of size up to 0.8 mm on an edge were
grown. The apparatus to maintain 1330 atmosphere and 400°C for
several days is both expensive and hard to keep running. Fortunately,
the methods described below give better crystals and are easier to
work with.

2. Slow Cooling of V204 in a V=05 Flux

Sobon and Greene [3] grew crystals of V04 by a4 slow cooling

method. V04 was dissolved in molten V05 and the solution was



cooled slowly from 1000°C to 700°C where the Vz05 solidified. The
solubility of the V0, increases with temperature and so if the
solution is saturated at 1000°C, crystals will grow as the temper-
ature is lowered. The V205 flux was congained in a platinum
crucible, and after the run was over the VJ04 crystals were recovered
mechanically from the solidified Vz0s5. No reaction was reported
between the platinum crucible and the Vz05 flux. When a mixture of
25% V0, and 75% Vz0g5 was used and the cooling rate was 4°C/hour,
they reported single crystals of size up to 2 mm X 2 mm X 10 mm
which had a resistivity ratio RS/Rm = 3 103, The crystals were
prismatic bars with the tetragonal c-axis in the long direction.

The transition temperature was 343°K. No details as to the strength
of the crystals or hysteresis at the transition were reported.

3. Vacuum Reduction of Vz0g to V0,

Sasaki and Watanabe [4] placed Vx05 in a platinum crucible in
a furnace at 1000°C and flowed oxygen-free nitrogen gas past the
crucible for one week. The oxygen partial pressure was low enough
so that the reaction 2 VX0g <> 2 V0,+05% occurred. Once the V0s5
became saturated with V.0,, the additional V204 which formed was
crystallized out of solution. The crystals were mechanically
separated from the V505 flux. Prismatic crystals of size up to
0.5 mm X 0.5 mm X 3 mm were obtained which had a resistance ratio
RS/Rm = 6 103. The transition took place over a temperature inter-

val of 0.5°C. No data were reported on hysteresis. See Figure II-1.
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L. Methods Used to Grow V.04 Needles

Needles of V04 0.1 mm X 0.1 mm X 3 mm in size were grown by
heating V.04 powder at 850°C in a vacuum for one day [5]. The
needles had a resistivity ratio Rs/Rm = 10* and the transition oc-
curred over an interval of 0.1°C. For increasing temperature the
transition took place at 339°K and there was as much as 15°C
hysteresis.

Bongers [6] developed a vapor transport method which gave
small needles of V;04. A sealed quartz tube was filled with HCl
vapor at a pressure of 20 mm of Hg and 0.5 grams of V.03 were placed
at one end. The V,03 was heated to 1100°C for 10 days while the
other end was kept at a temperature of 850°C. Small needles of
Vo204 grew at the cold end and could be removed after cooling the
tube. The crystals were prismatic bars of maximum size 0.3 mm X
0.15 mm X 6 mm. They had a resistance ratio Rs/Rm = 10%. No in-
formation was given on hysteresis or the mechanical properties of
the crystals.

5. Comments on the Above Methods

When we began this research project, we felt it would be con-
venient for us to try only methods two and three above. Most of
the apparatus for the slow cooling method was available in the
laboratory, and this method had yielded large V 04 crystals with
good electrical properties in terms of the previously mentioned

criteria. The vacuum reduction method also seemed to be promising
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since it looked to be fairly easy to try and gave high quality
crystals. The hydrothermal method did not seem at all attractive
due to the experimental cost and difficulty and the poor quality

of the crystals produced. The methods used to grow needle-like
crystals were rejected since we needed much larger samples than

it seemed likely we could produce by these techniques. We thought
that both the slow cooling and the vacuum reduction methods could
be modified to change the growth conditions and grow better crystals

than had been previously reported.

B. Growth by Slow Cooling of Vg0 in a Vz0s Flux

Our best crystals were grown by the slow cooling method. A
solution of V 04 in molten Vz0g is cooled slowly from 1050°C, and
the V04 crystallizes out of solution as the temperature is lowered.
The Vz04 crystals then have to be reclaimed from the V 05 flux
which solidifies at 700°C. This method requires a suitable furnace,
a temperature controller, crucibles to contain the V05, a way to
reclaim the V504 crystals from the flux, and a way to evaluate the
quality of the V 04 crystals produced. In this section each of the
above will be discussed.

A suitable furnace was available in the laboratory. 1t is
constructed out of firebricks, has glo-bar heating elements, and
it will operate to a temperature of 1100°C. The hot chamber is a
completely enclosed cylinder 7.5" high by 3.75" in diameter.

Figure II-2 shows the location of the heating elements, the hot
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FIGURE II-2 The furnace used for V2 O4 crystal growth.
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chamber, and the access lid. The heat enters from the sides, but
since the chamber walls radiate strongly above 700°C, there are
only small temperature differences of 10°C or less within the hot
chamber. Temperatures are measured by placing a chromel-alumel
or platinum-platinum 10% rhodium thermocouple through the 1id of
the furnace into the middle of the hot chamber.

The desired cooling rate is maintained in the furnace by the
following temperature control system: a proportioning cam program
controller produces an error signal by comparing a reference voltage
to the voltage produced by the thermocouple in the furnace [7].

The reference voltage is produced by a cam which can be programmed
as desired. The error signal is processed by a proportioning
control unit [8,9]. There are adjustments to control the time
constant and the sensitivity, and to correct for the integrated
error - signal in order to get smooth accurate temperature control.

We have a rebuilt unit and sometimes there were temperature fluctu-
ations of up to + 3°C in the furnace. The cooling rate is about
3°Q/hour, so this is a fairly large fluctuation. The output of

the proportioning contrcl unit goes to a silicon-controlled-rectifier
power supply which drives the furnace [9]. The furnace requires
about 1 kilowatt of power to reach 1100°C. In order to reduce noise
in the building, a special circuit which only turns the silicon-
controlled rectifiers on or off at zero voltage had to be installed

[10]. This unit has a timing circuit which is based on 100 cycles
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of line voltage. If the proportional control unit calls for 45% of
full power, then the circuit will alternately turn on the heater
current for 45 cycles of line voltage and turn off the heater current
for 55 cycles of line voltage. All the switching is done when the
instantaneous value of line voltage is zero.

Sobon and Greene grew their crystals in platinum crucibles.
We at first tried growth in quartz tubes, but since V205 is a de-
vitrifying agent for quartz we were somewhat constrcined from mak-
ing long runs at high temperatures. We wished to use a high initial
temperature in order to get more V204 into solution before growth
began. It was found that if a starting temperature of 1050°C was
used and the growth period was 5 days, 2 mm thick quartz tubing
would be half eaten through. For longer runs, a lower starting
temperature had to be used. Using quartz tubes had the ;&vantage
that we could vary the crucible size and shape easily and we could
remove the crystals by breaking the crucible if necessary. We also
made some growth runs using platinum crucibles inside of quartz tubes.

We prepared the quartz crucibles frém a 6" length of 16 mm X
20 mm tubing. One end was sealed and a 6" length of smaller quartz
tubing was joined to the other end. A mixture of 25% V204 and 75%
V405 was poured into the crucible until it was filled to 1" from
the top of the big tube. The crucible was then evacuated with a
mechanical pump and heated to drive off water vapor. Some glass
wool in the vacuum lines kept ;he powder from getting into the pump.

The small quartz tube was then sealed under this vacuum close to
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the end of the big tube. We used V05 powder from Fisher Scientific
which was 99.9% pure and V04 powder from Alfa-Inorganics which had
about 2% impurities. After the runs the V.05 flux filled the bottom
1.5" of the tube. The tube was green and scaly where it was in con-
tact with the flux. Fortunately, this process produces good, pure
V204 crystals. The impurities seem to be segregated in the Vz0g

fiux by selective crystallization.

Some of the smaller crystals from a platinum crucible growth
run whose larger crystals had typical values of Tc and RS/Rm were
analyzed spectrographically by the Jarrell-Ash analytical laboratory
in Waltham, Massachusetts. The impurity level was found to be less
than 10°3% for all impurities with the possible exception of silicon.
The 10°2% level of silicon which was detected may be due to small
quartz chips which were mixed in with the crystals which were
analyzed. These chips can get into the crucible during the tube
cutting operation. A small quartz chip could have easily been over-
looked among the crystals which were analyzed. A recent paper claims
that a level of silicon impurities too small to be measured by
spectroscopic analysis can increase the resistance ratio Rs/Rm by a
factor of ten [11]. The authors grew their crystals in a Vx0g5 flux by
vacuum reduction and claim that adding a small amount of silicon to
the flux increases the resistivity ratio of their samples from RS/Rm
=L 10> to RS/Rm =L 10%. It is possible that this effect may be

present in our samples, but somewhat unlikely since we obtain the
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same resistivity behavior for samples grown in platinum crucibles
and for samples grown in quartz tubes. A typical platinum crucible
growth run was also chemically analyzed for the vanadium content

at the Massachusetts Institute of Technology central analytical
laboratory. The stoichiometry was shown to be Vz,,04 where

Ix| < 0.02.

When we began crystal growth two methods had been reported
for separating the Vy04 crystals from the Vz;05 flux: mechanical
separation and dissolving the V505 with dilute ammonia. We have
made two improvements in this area. First, when the slow cooling
run is almost over and the temperature is about 700°C, the tube is
turned upside down and allowed to cool to room temperature in the
turned off furnace. The Vz0g5 runs to the bottom of the tube and
the Vx04 crystals remain attached to the walls at the tope of the
tube. Some V05 remains on the crystals due to surface tension
and viscosity effects. This can be removed by a solution of H0p
and HNO3 in water. The tube is cut open and the end with the
crystals is placed in a 200 ml beaker of water. About 10 ml of
306 Hx05 and 10 ml of concentrated HNOs is added. Vo 0g will
dissolve in HNOs, put the addition of Hy 0, speeds up the process.
After a few hours the reaction is complete and the solution is
completely reacted and must be renewed. After three or four soak-
ings the Vz04 crystals are lying freely at the bottom of the tube.
The usual result is a few large and fairly weak crystals of size

l1mm X 1 mm X 10 mm and many smaller and stronger crystals. They
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were nearly always rectangular bars which had shiny natural faces
and prismatic ends. The long direction is the tetragonal c-axis.
Figure II-3 shows the crystals from one run.

In evaluating the crystals, we were quite interested in size
and strength. We originally felt that we needed crystals of 1 mm
width to make the transmission measurements, but we found that we
were able to measure samples that were somewhat smaller. Clearly
we wanted as strong samples as possible for measurements under uni-
axial stress. Crystalline V304 is quite hard and strong, and the
problem is to get a sample with no voids or flaws. Growth was
fastest along the c-axis, and so quite often there were narrow
cavities in this direction. There was also a problem of poly-
crystallinity and faults in the crystal structure. For this reason,
most of the larger crystals which we grew were weak and broke up
into many smaller and stronger crystals.

Since the purpose of this investigation was to try to under-
stand the nature of the semiconductor-metal transition in Vg 04, we
were interested in studying the properties of crystals which had a
sharp transition and a large Rs/Rm ratio. We found, however, that
these desired electrical properties correlated with good mechanical
properties, so that we could carry out our primary selection on the
basis of size and strength alone.

X-ray back reflection measurements have been made and we have ob-
served that instead of single spots, there are clusters of dots for each

reflection. This has been attributed to domain effects [12].



FIGURE TL-3 Picture of crystals from typical

quartz tube run.
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Domains are believed to arise from the fact that when the crystal
transforms from the tetragonal to the monoclinic phase, an indivi-
dual a-axis in the tetragonal state can either elongate or contract.
Thus the transformation can distort the crystal in different ways
at different parts of the crystal. This is one of the reasons that

many crystals tend to be weak and break apart easily.

C. Variation of the Growth Parameters for the Slow Cooling Method

The growth parameters for the slow cooling method were varied
in order to obtain larger crystals. Some of the variables that af-
fect nucleation and growth are initial composition and temperature,
rate of cooling, and temperature gradient. These parameters were
systematically varied in the hope of getting better crystals.

One of the variations we tried was to change the composition
of the V;04-Vz05 mixture in the tubes. Sobon and Greene claimed
that in a mixture containing 25% by weight of V204, the V504 would
be completely dissolved at 1000°C. We obtained larger and stronger
crystals when we changed the composition to 15% V-0,. When more V504
was used thep we found a residue at the bottom of the tubes.

Another variation was to try to change the temperature gradient.
Moving the tube up to the middle of the chamber reduced the temper-
ature gradient and generally gave smaller crystals which grew from
the sides of the tube. Putting the tube at the bottom of the chamber
gave the best results. Here the crystals grew from the bottom of

the tube. The temperature gradient at the bottom of the hot chamber
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is about 10°C/inch at 1000°C. During this variation the initial
temperature was kept at 1050°C which we found to be an optimum
starting temperature for the system.

The original cooling rate of about 3°C/hour which gave a
five-day cooling period was varied in both directions. A three-day
growth period gave larger crystals which were quite weak. A nine-
day growth period yielded crystals which were somewhat larger and
weaker. These crystals were strong enough for reflectivity
measurements, but usually broke during stress measurements or when
being lapped thin for transmission measurements.

Quartz tubes could not be used for the nine-day runs since
the walls of the tube would be eaten through by the flux before
the run was over. We tried platinum plating the quartz tubes, but
the coatings were not good enough. We finally bought a 50 cc size
platinum crucible. The crucible is sealed inside a 6" length of
46 mm X 50 mm quartz tubing which is joined to a 2' length of
16 mm X 20 mm quartz tubing at one end as shown in Figure II-4.
The 16 mm X 20 mm tube projects through the 1lid of the furnace and
a ground joint at the end of this tube seals the system from the
atmosphere.

Since the powder shrinks so much upon melting, the following
procedure is used to fill the crucible. The tube containing the
crucible is placed into the furnace at 1000°C, and an 8 mm X 12 mm
quartz tube is placed inside of the 16 mm X 20 mm quartz tube with

its bottom inside the crucible. Then 97 grams of the powder is
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slowly dropped down the 8 mm X 12 mm tube and melted into the
crucible. The 8 mm X 12 mm tube is removed and the ground joint
is put in place to.close the system from the atmosphere.

Attempts to grow seed crystals into larger crystals were only
partially successful. If the seed crystal is not introduced when
the V;04-V0s solution is saturated, the seed will dissolve. 1If
the seed is not placed where the temperature gradient is suitable,
growth will not occur. The better seed crystals are also quite
small and hard to handle -- especially at around 1000°C. Seed
growth was most easily tried on the platinum crucible runs since °
the quartz tﬁbe came out through the lid of the furnace. The seed
was lowered into the crucible through the 16 mm X 20 mm quartz
tube on the end of a platinum wire. We found that the seed crystals
either dissolved or did not grow as well as the crystals g.owing
on the bottom of the crucible.

We got our strongest crystals from the following conditions:

a 15 V.04 and 856 V20g mixture, a 5-day growth period, an initial
temperature of 1050°C, and growth in a 16 mm X 20 mm quartz tube
placed on the bottom of the furnace hot chamber. We were able to
get strong crystals which were 1 mm® in cross section ané 5 mm long

by this method. These crystals also have better electrical proper-

ties than any previously reported.



D. Growth by Reducing V505 to V04

We grew crystals by a vacuum reduction method similar to that

of Sasaki and Watanabe [4]. A vacuum system was used to lower the
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oxygen partial pressure to the desired level rather than flowing
nitrogen gas over the Vy0g flux. This was first tried in qua-tz
tubes at a temperature of 900°b. It was found that a pressure of
0.4 Torr gave a suitable growth rate. The quartz tube was placed in a
vertical tube furnace and the pressure was controlled by a mechanical
pump and a needle valve. This pressure regulation system was not
very satisfactory, for the growth rate is quite sensitive to
pressure. The original mixture contained 15% V50, so that we
would not have to wait so long before the solution became saturated
and growth began. One could use quartz tubes for up to one month
at 900°C. Small chunky crystals which were quite strong were grown
in this manner.

This vacuum reduction method worked much better with platinum
crucibles. The temperature was raised to 950°C where the proper

pressure was 1.0 Torr. This pressure could be obtained and regulated

by using a diffusion pump, a needle valve, and a sensitive manostat
as indicated in Figure 1I-5. 1In a week or two we were able to grow
crystals which were 2 mm X 2 mm in cross section and which were
strong enough for our reflectivity or resistivity measurements.
This method has the advantage that one can continue growth for a

long time and thus get large crystals while maintaining a slow
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growth rate. The main disadvantage is the very long time required
for each run. If several furnaces were available, this method would
be more suitable and one could optimize growth conditions. The

recent work of Guggenheim on this method is discussed in the next

section [11].

E. Recently Developed Methods of Growth

While this work has been in progress, other researchers have
grown V04 crystals by vapor transport and by vacuum reduction of
V0. Much work has also been done on the growth of thin films
whi i can be used for both optical and electrical measurements. We
will discuss these crystal and film growth methods in this section.

1. The Reduction of Vy0g to V04

Kitahiro, Watanabe, and Sasaki [13] have developed a method of
growing needles of V;04. They placed a sealed quartz tube with
V205 at the bottom and Ti powder at the top in a vertical furnace
so that the top of the tube was at 700°C or 800°C and the bottom
was at 1000°C. After five days needles of V-04 of size 0.1 mm X
0.2 mm X 8 mm had grown from th: sides of the tube. The crystals
had a resistance ratio RS/Rm = 2.7 10% and the transition took
place within 1°C. Although the crystals are easy to reclaim in
this method, they are inferior in size and electrical properties

to those we grew by slow cocling.
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Guggenheim and his coworkers at Bell Telephone Laboratories
[11,14] have developed the method of reduction of V.05 to V204
to give large chunky crystals 1 cm on a side. A platinum crucible
is placed in a furnace at high temperature and nitrogen gas is
passed over the crucible to reduce the oxygen partial pressure.
The growth temperature is 1250°C to 1350°C and the growth period
is about one week. This method is very similar to the vaccum
reduction growth method which we used, the main difference being
that their growth temperature was about 300°C higher. This allowed
them to operate at a much bhigher and more convenient oxygen partial
pressure. Their method, however, requires a high temperature
furnace and platinum crucibles which have special 1ids which have gas
inlet and gas outlet tubes built into them. These items were not
readily available in our laboratory. This method gives crystals
vhich are larger than the ones we have grown, but apparently.not
as strong, since they had more difficulty preparing optical trans-
mission samples than we did [15]. Their samples have a hysteresis
of about 1°C and a resistan;e ratio Rs/Rm of up to 10%. Their
" transition temperature is 67°C, about 1°C or 2°C higher than for
our samples.

2. Vapor Transport ilethods of Vz04 Growth

Takei and Koide [16,17] have developed a method which can be

used to grow Vz0s5, Vz04, Vi0s5, and V05 crystals. This method in-

volves the vapor phase decomposition of vanadium oxychloride (VOC1 x)
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with water vapor. As indicated in Figure I1-6, two quartz tubes

are placed one inside of the other in a furnace. VOCls vapor and
nitrogen flow through the central tube, and bydrogen, water vapor,
and nitrogen flow through the outer tube. A dish shaped piece of
quartz covers the end of the central tube and serves as a reaction
chamber. When the two gas mixtures meet, the water and VOCl s under-
go the reaction 2VOCla +3Hz0 > V;05+ 6HCl. Due to the presence of
hydrogen, lower oxides of vanadiums and water are produced. By
controlling the oxygen partial pressure one can produce Vz0sx, V504,
Vi0s, or V05. Prismatic bars of V.04 were grown at 800°C. 1In 24
hours crystais 0.8 mm X 0.8 mm X 15 mm in size were grown. The re-
sistance ratio Rs/Rm is 10* for these crystals, but no information
is given on hysteresis. This method is convenient since the crystals
can be reclaimed easily and since different oxides can be produced
with the same apparatus.

Bando, Nagasawa, Kato, and Takada [18] have developed a vapor
transport method which yields high quality V 04 crystals with a
resistance ratio Rg/Rm of almost 10°. A tube is placed in a furnace
with one end at 1040°C and the other end at 920°C. The tube has
V-0, at the hot end and contains a small amount of TeCl,. The re-
action at the hot end of the tube is V05 +TeClygf > VCl,t+ TeOot.

At the cold end the reverse reaction occurs and crystals 3 mm on a
side can be grown in a period of three days. The amount of hysteresis

for these crystals is not mentioned.
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3. Methods to Grow Thin V-0, Films

The simplest way to get a thin film of V.0, is to make a film
of vanadium and oxidize it, or to make a film of V.05 and reduce
it. Pclycrystalline V50, films were grown by the latter method
which have a resistance ratio RS/Rm of 103 and a hysteresis of 7°C
to 8°C [19]. Similar results have been obtained for polycrystalline
films made by annealing amorphous sputtered V-0 films at 450°C in
an oxidizing atmosphere [20] and by oxidizing evaporated vanadium
films [21].

Epitaxial V;04 films have been grown by Fuls, Hensler, and
Ross by sputtering vanadium in an atmosphere of argon doped with
oxygen [22]. Growth was on a sapphire substrate heated to 400°C.
The sputtering gas pressure was 2 10”2 Torr. These films had a
resistance ratio Rs/Rm of 10> and a few degrees of hysteresis.

Koide and Takei have used the method of hydrolysis of vanadium
oxychloride described in the preceding section to grow epitaxial
films on rutile which have a resistance ratio Rs/Rm of 102 and a
few degrees hysteresis [17,23]. This method can also be used to
grow epitaxial V 0 films.

The electrical properties of these thin films are not as good
as those of single crystals, but the films are useful for making
optical measurements because they are thin enough so that the ab-
sorption coefficient above the band gap can be measured and they
have large good surfaces for reflectivity measurements. Their large

sur face area also makes them useful for Hall effect measurements.
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Chapter III

RESISTIVITY MEASUREMENTS

The resistivity of our V04 crystals was measured as a function
of temperature both near the transition and at lower temperatures.
A sample holder and temperature control system were designed and
constructed tomake these measurements. The apparatus and the measure-
ments will be discussed in this chapter and the interpretation of

the measurements will be included in Chapter VI.

A. The Sample Holder and Temperature Control System

1. The Bayley Electronics and New Temperature Sensor

We required a temperature control system which was sufficiently
sensitive and stable to permit study of the detailed variation of
both resistivity and optical transmission at closely regulated tem-
peratures near the semiconductor-metal transition, and which would
operate from 100°K to 400°K. We wanted to be able to set and
regulate the temperature to about 0.01°C near the transition. The
temperature sensing probe also had to be small enough to fit into
an optical dewar.

Several types of temperature control systems were considered.
Two important components of a temperature control system are the
sensing probe and the controlling electronics. fhermocouples are
often used as sensing probes, but their low output signal demands

very sensitive, low-noise, stable d.c. amplification in the



contrelling electronics. Nevertheless, thermocouples are easily
calibrated, stable, and can be readily built into different pieces
of equipment.

Another commonly used sensing probe is a resistor with a large
temperature coefficient of resistance which can be used as one
element of a Wheatstone bridge circuit. Direct current amplification
can be used in the sensing circuit when the temperature coefficient
of the resistance is large enough, but it is difficult to find a
small sized resistance probe which has a large temperatue coef-
ficient over the entire temperature region of interest. Another
technique, which we adopted, is to use a metallic resistor which
has a linear temperature coefficient and use a.c. voltages in the
bridge and detection circuits. The use of a.c. amplification in-
creases the sensitivity and stability of the system.

We were able to construct such a system by using the electronics
from a Bayley temperature controller which we had in the laboratory
[1]. 1Its original temperature sensor is a three foot long metal
probe which can be placed in a temperature bath. When the temper-
ature of the sensor falls below the set point of the instrument,

a relay connected to a plug on the instrument front panel closes.
If one of the heater leads is connected through this plug, then
the Bayley will switch on the heater current until the temperature

of the sensor rises back up to the set point.
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A simplified circuit diagram is shown in Figure III-1. The
original probe contains a nickel resistor which is one of the
elemeﬁts in a Wheatstone bridge circuit. The error signal from
the bridge is amplified and then applied to the grid of a triode.
The circuit is designed so that the amplified error signal and the
plate voltage of the triode are in phase when the probe resistance
is too small to balance the Wheatstone bridge circuit. The result-
ing plate current of the triode then turns on the relay which can
be used to switch on tue heater current. Since the voltage across
the bridge circuit is at 60 Hz, the instrument is sensitive to
grounding and pickup problems. The 500 ) resistor is a 10 turn
potentiometer which can be adjusted to control the temperature set
point. Fine control is obtained by the 1 Q variable resistor
shown in the circuit diagram. With the original probe which has
80 Q resistance at room temperature, the ra<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>